We show that several classes of insect non-LTR retrotransposons harbor self-cleaving ribozymes of the HDV family at their 5′ termini. In Drosophila the R2 ribozymes exhibit highly differential in vivo expression and robust in vitro activity, modulated by an upstream sequence originating from the insertion site. Our data suggest a role for self-cleaving ribozymes in co-transcriptional processing of retrotransposons with implications for downstream events, including translation and retrotransposition. One of the best-characterized non-LTR retrotransposons is R2, which inserts sitespecifically into the 28S rDNA of most insects 5 . R2 was first identified as an insertion sequence in Drosophila melanogaster 6 and transcripts of interrupted rRNA genes were shown to be processed co-transcriptionally at the boundary of the 28S transcript and 5′ and 3′ ends of the intervening sequence 7 . R2 is co-transcribed with the 28S rRNA precursor by RNA polymerase I 3 . Across thirteen Drosophila species, the 5′ ends of R2 elements contain conserved features predicted to form a folded RNA secondary structure 3 . The mechanism of R2 retrotransposition has been studied in depth, leading to a general model for non-LTR reverse transcription and integration in which the endonuclease-catalyzed cleavage of the target DNA backbone is followed by target-primed reverse transcription (TPRT), second strand synthesis by the RT, and insertion of the newly synthesized cDNA into the genome 8 . Although much of this model has 4 been validated in vitro, the mechanism of co-transcriptional processing of these elements has been unknown.
Abstract
We show that several classes of insect non-LTR retrotransposons harbor self-cleaving ribozymes of the HDV family at their 5′ termini. In Drosophila the R2 ribozymes exhibit highly differential in vivo expression and robust in vitro activity, modulated by an upstream sequence originating from the insertion site. Our data suggest a role for self-cleaving ribozymes in co-transcriptional processing of retrotransposons with implications for downstream events, including translation and retrotransposition.
Retrotransposons are mobile genetic elements that utilize reverse transcriptase activity to propagate via a RNA intermediate in many eukaryotic genomes. The large fraction of eukarytotic genomes composed of retrotransposons coupled with contributions to ectopic recombination and novel gene regulatory elements suggest potential for major evolutionary influence 1 . Autonomous retrotransposons are divided into long terminal repeat (LTR) and non-LTR or LINE (long interspersed repeat elements) elements. SINEs (short interspersed elements) are non-autonomous elements thought to be mobilized primarily by non-LTR type elements 2 . LTR elements have promoters within the LTRs 2 , however, the promoters for non-LTR elements are less well conserved and they can even be transcribed as introns of larger host transcripts 3 . The non-reverse transcriptase (RT) structural and catalytic proteins encoded by the two autonomous types of elements are also quite distinct 4 .
One of the best-characterized non-LTR retrotransposons is R2, which inserts sitespecifically into the 28S rDNA of most insects 5 . R2 was first identified as an insertion sequence in Drosophila melanogaster 6 and transcripts of interrupted rRNA genes were shown to be processed co-transcriptionally at the boundary of the 28S transcript and 5′ and 3′ ends of the intervening sequence 7 . R2 is co-transcribed with the 28S rRNA precursor by RNA polymerase I 3 . Across thirteen Drosophila species, the 5′ ends of R2 elements contain conserved features predicted to form a folded RNA secondary structure 3 . The mechanism of R2 retrotransposition has been studied in depth, leading to a general model for non-LTR reverse transcription and integration in which the endonuclease-catalyzed cleavage of the target DNA backbone is followed by target-primed reverse transcription (TPRT), second strand synthesis by the RT, and insertion of the newly synthesized cDNA into the genome 8 . Although much of this model has been validated in vitro, the mechanism of co-transcriptional processing of these elements has been unknown.
Recently we have used structure-based searches to identify the hepatitis delta virus (HDV) family of self-cleaving ribozymes in many organisms 9 . These ribozymes fold into an intricate double-pseudoknot structure composed of five based-paired regions joined by singlestranded regions 10 . We found that some of the sequences map to predicted RT genes in the purple sea urchin Strongylocentrotus purpuratus and one ribozyme maps to the 5′ terminus of the RTE retrotransposon in the African mosquito Anopheles gambiae 9 . These results suggested that self-cleaving ribozymes might function in retrotransposition. However, the predicted secondary structure of these sequences differs somewhat from structures of canonical HDV-like ribozymes: some examples of the sea urchin ribozymes have shorter P1 regions than was previously observed and the mosquito RTE ribozyme (drz-Agam-2) contains an unusually large peripheral domain in the J1/2 region 9 .
To test more broadly for the association of HDV-like ribozymes with retrotransposons, we performed motif searches 11 that allowed for variable P1 helices and large inserts in the J1/2 region of the ribozyme. We searched ESTs, RT-containing mRNAs and sequences defined as repeats by RepeatMasker in various insect genomes. The expanded search criteria allowed for identification of many ribozyme candidates, a subset of which mapped to the 5′ termini of known retrotransposons ( Table 1, Supplementary Table 1 , and Supplementary Fig. 1 ). These included additional A. gambiae RTE elements, and R2, Bilbo and Baggins non-LTR retrotransposons in various Drosophila species. We found that the conserved regions at the 5′ end of R2 3 form the catalytic core of the putative ribozyme double-pseudoknot structure (Fig. 1a) , while the less-conserved sequences map primarily to the peripheral domains (J1/2 and P4-L4).
To investigate the activity of the Drosophila ribozymes, we amplified the genomic regions containing the 5′ termini of the R2 and Baggins elements from several Drosophila species and tested their Mg
2+
-dependent self-cleavage in vitro. Similar to the A. gambiae ribozymes 9 , the Drosophila RNAs showed robust self-cleavage kinetics at ambient temperature and physiological Mg 2+ concentrations (Fig. 1b and 1c) , demonstrating that these structures are bona fide ribozymes. In the R2 ribozymes, the cleavage rate constants varied among isolates, which differed mostly in composition of the leader sequence just upstream of the cleavage site and the J1/2 peripheral region. This suggests that folding of the sequence surrounding the cleavage site and of the peripheral domain affect the formation of active ribozymes. In HDV ribozymes the sequence upstream of the cleavage site has previously been shown to influence
proper folding of the ribozymes into active conformations 12 . When this leader sequence has the capacity to extend the P1 helix of the ribozyme, it prevents formation of the P1.1 region of the the active site, resulting in decreased activity. Our data correlate well with this hypothesis: we observe significantly faster self-cleavage kinetics in identical ribozymes preceded by leader sequences that cannot extend the P1 helix and slower kinetics in constructs that can form the longer P1 (Fig. 1d) . Interestingly, a typical insertion site for the R2 element in the 28S rRNA gene 6 creates a leader sequence that supports fast ribozyme self-cleavage. We speculate that efficient co-transcriptional 5′ processing of the element is beneficial to the retrotransposon and that insertion into the typical site in the 28S rDNA provides an evolutionary advantage to R2
retrotransposon propagation. Fig. 1 ).
Their in vitro activity is also variable and the sequences we tested had somewhat lower cleavage rate constants than the R2 ribozymes. Nonetheless, their activity was robust and, as in the case of other HDV-like ribozymes 9, 13 , showed temperature and Mg 2+ dependence.
To investigate the in vivo activity of the ribozymes, we analyzed total RNA isolated from several life stages of D. melanogaster (W1118). Similar to A. gambiae, where the ribozymes are differentially expressed 9 , we found that D. melanogaster R2 ribozymes were highly expressed in adult females and pupae and less so in larvae and adult males (Fig. 2a) . The expression difference between adult males and females is striking because the level of ribosomal RNA expression is the same. This suggests that different rDNA loci are transcribed in males and females or that R2 elements inserted in non-rDNA loci are expressed in females. Expression analysis 14, 15 and electron microscopy 7 have previously shown that the R2 retrotransposons are processed co-transcriptionally at the 5′ termini. Together these data show that the R2 retrotransposons and their terminal ribozymes are highly expressed and active in vivo, leading to a model of R2 RNA production involving co-transcriptional cleavage by an HDV-like ribozyme (Fig. 2b) .
The role of self-cleaving ribozymes beyond 5′ terminal processing is speculative, however two potential functions have previously been proposed for this region. The 5′ terminal structure of the R2 element harbors a short coding region just upstream of the RT coding region 3 .
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The start and stop codons map to the P4 helix of the self-cleaving ribozyme (Fig. 1a) , suggesting that the ribozyme structure may affect translation of the R2 transcript. The second function may be in insertion of the R2 cDNA. The R2 RT enzyme efficiently switches templates upon reaching the 5′ end of the R2 RNA, presumably to facilitate insertion of the element into a new genomic site 16 . This trans-templating reaction by the R2 protein is significantly more efficient when the 5′ end of the RNA template consists of a 5′ hydroxyl group, as compared to a methylguanosine cap analog or a triphosphate 17 . The 5′ product of the self-scission reaction in HDV-like ribozymes is a hydroxyl group, thus ribozyme-terminated RNA may be a superior substrate for transtemplating by the R2 protein and may be beneficial for overall retrotransposon insertion efficiency. The model we describe here suggests that these elements have linked transcription, translation, and transposition in such a way that templates with ribozyme-terminated 5′ ends are efficient retrotransposons. The mechanism through which the 5′ end is retained in these nonLTRs is distinct from LTR elements and provides protection from 5′ end erosion in actively propagating elements.
Our results show that multiple insect non-LTR retrotransposons harbor self-cleaving ribozymes that are used to liberate their 5′ termini from upstream transcripts. This work explains observations made over 25 years ago that showed that the Drosophila R2 retrotransposons are processed co-transcriptionally and points to several possible roles of self-cleaving ribozymes in retrotransposition. Our finding supports a general trend indicating that self-cleaving ribozymes are associated with many transposable elements, including the human LINE1 non-LTR retrotransposon 13 , and satellites in newts 18 , fungi 19 and schistosomes 20 . 10 . Boxed nucleotides are start and stop codons found upstream of the R2 coding region 3 . Green arrow points to the cleavage site. Consensus is based on in vitro active R2 ribozymes ( Table 1) 
Methods
All ribozymes constructs were amplified from their respective genomes using primers listed below. Naming of the ribozymes follows the rules proposed previously 9 . Briefly, the name of the ribozyme was derived from the binomial nomenclature for the species (drz = delta-like ribozyme, Drosophila ananassae -Dana). Among the fruit fly ribozymes, family 1 (e.g. drz-Dmel-1) corresponds to R2 (or R2B) ribozymes and family 2 (e.g. drz-Dmel-2) corresponds to Baggins ribozymes. Transcription, kinetic analysis of ribozyme self-cleavage, RNA extraction, and RT-qPCR were performed as described previously 9 . Primers used for qPCR are listed below. 3880-8 (1998) . Ribozyme Rate constants (hr -1 ) Figure 1 .
Drosophila melanogaster
drz-Dsec-1 52 All kinetics were measured in 10 mM MgCl2 at 37°C, except for drz-Dper-2, which was measured in 1 mM MgCl2 at 22°C . 
